The present work investigates the impact strength of Polypropylene-Hydroxyapatite (PP-HA) biocomposite for orthopaedic scaffold implants and tissue engineering applications. The effects of injection pressure and speed and cooling time on the impact strength of polypropylene (PP) -hydroxyapatite (HA) were studied for a wide range of process parameters using injection moulding machine. PP (100 wt%) was processed using injection moulding machine with optimal process settings. Later, PP (99 wt%) with HA (1wt%) was melt-mixed using a twin-screw compounding extruder followed by injection moulding process to prepare the impact test specimens with varying process parameters. The impact of strength test was conducted according to ASTM-D 256 standards on PP and PP-HA biocomposites. The fractured samples were studied for morphological properties using scanning electron microscope. The result shows that injection moulding parameters had a great influence on their impact strength and morphological properties. The best conditions to produce composites of optimum mechanical properties are injection pressure of 30 MPa, injection speed of 15 cc/s and cooling time of 20 s for PP-HA biocomposite. It is known that characterising efficient solutions is an important way to realise the potential of an injection moulding operation. Besides that, by applying all various parameters, we are most definitely able to reduce the time of a real-time injection moulding operation and produce a better quality product.
INTRODUCTION
Injection moulding process is the most commonly used processing technology of plastic products. The injection moulding technique is widely used in the process of even complex thermoplastic polymeric articles in high-scale and short-time. Polymer-hydroxyapatite composites have been used as an astounding scaffold for biomedical applications with great biocompatibility and high osteoconductive movement [1] . Sufficient knowledge about mould design and process parameters is required for producing a quality and costeffective product using this technique. However, many injection plastic product manufacturers would rather undergo trial and error at the beginning of manufacturing a new product. Suitable process parameters are required for a new product and play a significant role in achieving a high-quality product with good mechanical properties [2] . These trials and errors are used to get a set of process parameters with higher impact strength and lower shrinkage. Hence, optimised processing conditions can be obtained from experimental results using the obtained set of parameters. The first idea of HA reinforced polyethylene composite to be utilised as a bone substitute was conceived and developed by Bonfield [3] . Since then, the mechanical properties of hydroxyapatite (HA) reinforced polyethylene composite have been studied extensively [3] . The blend of bioactive but brittle hydroxyapatite and ductile high-density polyethylene gives decent biocompatibility and sufficient mechanical properties of the composite specimens [4] . Based on hydroxyapatite (HA) reinforced high-density polyethylene (HDPE), an incredible number of polymer matrix bio composites have been proposed. However, the sub-par mechanical properties of these composites restricted their applications as nonloadbearing inserts [5, 6] . Impact strength is an important factor in defining the quality of injection moulded products. This factor is influenced by the processing parameters governing injection moulding processes as have been shown in many studies. Cambell et al. studied the effect of injection moulding process parameters on the tensile and impact strength of polypropylene and concluded that the processing parameter interactions significantly impacting the part's mechanical properties [7, 8] .
Inappropriate settings for processing parameters (such as mould temperature, nozzle and barrel temperatures, injection speed and pressure, holding pressure and time, and cooling time) can result in products with weaker impact strength or poor quality [9] . Therefore, determining the appropriate combinations for the processing parameters is imperative for optimising injection moulding operations. Wang et al. [10] examined two methodologies to enhance the interfacial condition in polyethylene-hydroxyapatite composites in altering their mechanical properties: the utilisation of silane treated hydroxyapatite as filler, and the use of polymer uniting for polyethylene. The polypropylene/hydroxyapatite composite was produced using a technique which was utilised for polyethylene-hydroxyapatite [10] . Cunha et al. [11] considered the impact of processing conditions on the mechanical conduct of the HA/UHMWPE composite using injection and compression moulding, and found that the injection moulding procedure guaranteed preferable results over compression moulding because of the serious blending and shearing of the polymer. Ward et al. [12] demonstrated part of pressure annealing in enhancing the firmness of polyethylene/hydroxyapatite composites. In the present work, polypropylene (PP)-hydroxyapatite (HA) composites were developed by twin-screw extruder using blended powder of HA and granules of PP. The combined composites were subjected to heat and pressure in the injection moulding machine and the mechanical properties PP-HA composites were studied.
Among the mechanical properties, impact strength was more affected by processing factors than other mechanical properties. The impact strength of the PP-HA composites is mainly influenced by many factors including matrix intrinsic properties, optimum HA-matrix interaction, HA concentration, HA geometry, HA-matrix stress transfer efficiency, HA orientation, and HA dispersion and distribution [13, 14] . At the same time, the HA bridging, HA pull-outs, crack propagation and matrix deformation mechanisms contribute a vital role in the impact rupture of HA reinforced composites [14, 15] . Many of these mechanisms contribute simultaneously during impact tests which make it complicated to determine the impact strength of the composites. The process flow is described in Figure 1 . 
METHODS AND MATERIALS
A commercial polypropylene impact copolymer (TITANPRO SM 840) with melt flow index (MFI) of 0.7 g/10 min at 2.16 kg and 230 °C and Hydroxyapatite (HA) was supplied by M/s.Pultrusion Sdn. Bhd., Malaysia. It has a purity of 99% and the average particle size is 2-10 µm. The colour of Hydroxyapatite is white and spherical in shape. Polypropylene granules were melt-mixed and compounded with HA powder using a corotating twin-screw extruder (Nanjing Norda Xinye Extrusion Equipment Co., Ltd: TDS-16) with a screw speed of 30 ~ 60 rpm at 200 °C. The filler content (HA) was fixed at 1wt% due to its nano-sized particle dimensions. These mixtures were measured based on the formulation (wt.%) shown in Table 1 . After this process, the mixed materials which were in the form of granules were moulded using an Injection Moulding Machine ( Figure 2) Figure 3 . ASTM D-256 standard was used to test rectangular notched bars for the verification of pendulum impact-testing machines. The impact machine was utilised using the manual clamping vice with a sample adapter accurately positioned in the vice with a centering device adapted for notched specimens and then hindered by turning a hand wheel clockwise. A screw available just in the middle of the hand wheel was used to control the clamping torque applied by means of a dynamometric key with a resolution of 0.5 N-m and a working torque range from 1 to 25 N-m. To dodge undesirable impacts, the research centre where the mechanical properties were measured was conditioned at 23.8 °C and a 50% relative moistness. The impact strength was figured by dividing the absorbed energy by the underlying cross-sectional area behind the notch. The normal values were calculated from 10 runs for each sample. After this process, the granular compounded materials were moulded at 185 °C and pressures of 30 and 40 MPa with cooling times of 20 and 40 sec and injection speeds of 15, 25, and 35 cc/s. Each sample was 12.7 mm in width, 62.5 mm in length, and 3.2 mm in thickness. Samples for impact test were prepared according to ASTM D-256 standards. Table 2 shows the design of experiment which consists of five specimens from each pressure, cooling time, and injection speed that were tested and the average value is reported in the next section. The fracture surfaces of the impact test samples were observed using a Jeol S-360 scanning electron microscope (SEM). The configuration was pre-set to meet the optimised level of results. 
RESULTS AND DISCUSSION
The PP-HA biocomposite samples were prepared using injection moulding method. The mechanical properties, especially the impact strength and fractured surface morphological properties of the composites were tested. Figures 4 (a) -(d) show the impact strength of PP and PP-HA biocomposites at various injection process parameters P30C20, P30C40, P40C20, and P40C40, respectively. In this chart, the injection speed was taken into account and injection pressure and cooling time maintained at constant parameters. The highest impact strength for PP was obtained at the injection speed of 35cc/sec, injection pressure of 30MPa, and cooling time of 20 secs (S35P30C20) was recorded as 237.3 J/m. The impact strength was reduced to 195.0 J/m after the incorporation of 1wt% HA. The highest impact strength for PP-HA biocomposite was obtained at the injection speed of 15cc/sec, injection pressure of 30MPa, and cooling time of 20 sec (S15P30C20). The impact strength was recorded as 216.5 J/m. The impact strength of PP increased as the injection speed increased for P30C20 and P40C20 experiments, whereas the impact strength reduced after 25cc/sec for P40C20 experiment. Therefore, the optimum process parameter for PP was determined to be 25cc/sec for 40MPa/20sec experiment (S25P40C20). Scanning electron microscope (SEM) observation indicated that the biomimetic HA crystals were uniformly distributed in the PP matrix. As the HA content increased in the composite, the fracture mechanism of the composites changed from gliding fracture to gliding and brittle fracture. Figure 5 shows the impact strength of PP and PP-HA biocomposites at various injection pressures, and constant injection speed and cooling time designated as S15C20sec, S15C40, S25C20, S25C40, S35C20, and S35C40, respectively. The injection pressure was taken into account with injection speed and cooling time maintained at constant parameters. The highest impact strength for PP was obtained at the injection speed of 35cc/sec, injection pressure of 30MPa and cooling time of 20 sec (S35P30C20) was recorded as 228.3 J/m. The impact strength was reduced to 195.0 J/m after incorporation of 1wt% HA. The highest impact strength for PP-HA biocomposite was obtained at the injection speed of 15cc/sec, injection pressure of 30MPa, and cooling time of 20 sec (S15P30C20) and recorded as 216.5 J/m. 
Morphological Broperties of PP and PP-HA biocomposites
In order to study the impact fracture mechanism of PP and PP-HA composites, the fracture morphology of the impact fractured samples was investigated using SEM analysis. The impact strength of the HA reinforced composites is influenced by many parameters including HA pullouts and degree of adhesion [16] . In the PP-HA composites, the HA with evenly distributed ratio leads to pullouts during fracture [17] . Figures 7(a) 
nanoparticles and the bonding quality. In Figure 7 (a), HA was unevenly distributed in the PP matrix, and poor bonding causing the most fractured surface along the interface between the PP matrix and n-HA. The fracture was brittle at the surface of the fracture. There were no HA pullouts witnessed. In Figure 7 (b), there were HA pullouts witnessed along the fractured area. This may be due to the high HA distribution on the PP matrix and poor bonding causing the most fractured surface along the interface between the PP matrix and n-HA. Poor interconnections between the PP matrix and HA were observed by the presence of the debonding layer on the fractured surface. Figure 7(c) shows the SEM images of the fractured surfaces of pure PP which has the highest impact strength at different magnifications viz. x100, x250, and x500. There were no pullouts witnessed in the micrograph and it has a uniform rupture. 
CONCLUSIONS
The investigation of the effects of pressure, speed, and cooling time on the mechanical properties of PP-HA composites leads to the following important results: i) HA can be used as a reinforcing bio-filler for thermoplastics such as PP. The impact strength of the PP-HA (99/1 w/w%) nanocomposite was reduced with the addition of HA. This is a common observation in most of the particulate filled composites. ii) The increasing pressure increases the strength of the composites while it has no significant effect on the impact resistance of the composites. Because the increase in pressure enhances mechanical bonding and locking of HA particle surfaces and PP in the composites, it causes an increase in impact resistance of the composite. On the other side, an increase in pressure causes a decrease the strength of PP. The influence of these synchronic opposite factors caused little changes in the impact resistance of composites. iii) The impact strength of the PP-HA composite was considerably reduced after the incorporation of HA nano fillers into the PP matrix. The highest impact strength for PP-HA from the test specimen was determined to be 216.5 J/m obtained from the process parameters of value 30MPa, 15cc/s, and 20s which correspond to injection pressure and speed and cooling time, respectively. iv) Increasing pressure and cooling time do not have significant effects on the mechanical properties of PP reinforced with HA. This phenomenon can be related to the good strength of PP-HA interface, the decrease of HA agglomeration, and the number of voids and porosities in these composites caused by a using silane coupling agent. The single noticeable effect of the increase in pressure and cooling time on these composites was the increase of transformation of PP structure from amorphous to crystalline. v) The best conditions to produce composites of optimum mechanical properties were injection pressure of 30 MPa, injection speed of 15 cc/s, and cooling time of 20 s for PP-HA biocomposite. vi) The analyses presented in this study were geared towards making informed decisions on the compromises of several performance measures. It is known that characterising the efficient solutions is an important way to realise the potential of an injection moulding operation. Besides that, by applying all varying parameters, we are most definitely able to reduce time of a real time injection moulding operation and produce a better quality product. vii) Further studies could be performed by maximizing more number of variables as well as levels and developing a mathematical model using statistical software for impact strength.
